Introduction {#s1}
============

High intensity time-varying electromagnetic field (EMF) stimulates the human body through excitation of neuronal and muscle cells. The stimulus effect by the magnetic field (MF) is mainly caused by the depolarization of the voltage-gated ion channel and is detected as perception in humans and animals (Saunders and Jefferys, [@B45]; World Health Organization, [@B57]). The threshold of perception through neuronal or muscle cell excitation and the modulation of neuronal activity by MF are important biological indicators for establishing a reference value for protecting the human health from environmental EMFs. Representative international guidelines adopting the stimulus threshold as a biological basis include the International Commission on Non-Ionizing Radiation Protection (ICNIRP) guidelines (International Commission on Non-Ionizing Radiation Protection, [@B18]) and the Institute of Electrical and Electronics Engineers (IEEE) standards (The Institute of Electrical and Electronics Engineers, [@B53]). A stimulus effect called "(magneto)phosphene" is defined as one of the physiological reactions of humans with the lowest threshold in the current international guidelines or standards. Phosphene was first discovered by D\'Arsonval ([@B8]), and the phenomenon induces a flickering light during low frequency MF exposure to the retina, which is part of the central nervous system. The frequency-dependent threshold value of phosphene was evaluated precisely by Lövsund (Lövsund et al., [@B24], [@B25]), and it became clear that the minimum threshold is around 20 Hz. In recent years, human volunteer experiments with phosphene have revalidated the threshold from 10 to 100 Hz, and it has been further investigated by the Utility Threshold Initiative Consortium (UTIC); hence, the biological threshold in humans is expected to be expanded (Souques et al., [@B47]).

On the other hand, in volunteer experiments with phosphene, some subjects complained of discomfort, headache, and fatigue, suggesting that MFs may have an effect on brain function (The Institute of Electrical and Electronics Engineers, [@B53]). These physiological responses through their influence on brain function are harmful, leading to deterioration of the quality of life; thus, MF exposure is an important biological indicator to be considered from the perspective of human body protection. Regarding the influence of low-intensity power frequency MFs on brain function, great interest has been gained and numerous findings have been obtained from various recent studies with human volunteers (Marino et al., [@B27]; Legros et al., [@B21], [@B22]), experimental animals (Manikonda et al., [@B26]; Szemerszky et al., [@B49]; Balassa et al., [@B4]; Rauš et al., [@B38], [@B37]; Salunke et al., [@B43]; Elmas and Comlekci, [@B11]), and cultured cells and tissues (Azanza et al., [@B2], [@B3]; Manikonda et al., [@B26]; Moghadam et al., [@B30], [@B29]; Varró et al., [@B55]; Moretti et al., [@B31]; Gramowski-Voß et al., [@B16]; Yang et al., [@B58]); however, the thresholds of neuronal modulation and implicated mechanisms by MF exposure are still under investigation. In addition, it has been recommended in the environmental health criteria (EHC) published by the World Health Organization (WHO) that the mechanism and threshold in the nervous system should be explained using cultured cells and theoretical models (World Health Organization, [@B57]).

The previous cellular studies that investigated the relationship between external electric field (EF) exposure and neuronal modulation have reported that the range of the threshold is approximately 0.1--5 V/m (Bawin et al., [@B6], [@B5]; Jefferys, [@B19]; Francis et al., [@B13]; Saunders, [@B44]; Deans et al., [@B9]). Although these results contained large variations, and each threshold value was well below the threshold of the neuronal cell membrane excitation in the central nervous system \[*E*-field (rms) was estimated about 8.7 V/m\], and it was higher than the threshold of phosphene in the retina \[*E*-field (rms) was estimated about 0.023--0.062 V/m\], as estimated by theoretical models and numerical simulations (The Institute of Electrical and Electronics Engineers, [@B53]; Dimbylow, [@B10]; Hirata et al., [@B17]). In contrast, previous studies have evaluated the effect of MF exposure on brain function with human volunteers using functional magnetic resonance imaging (fMRI), and the results showed that human brain activity was modulated by 60 Hz, 3 mT MF exposure (Legros et al., [@B22]). The MF threshold of phosphene was estimated at about 24.4 mT (rms) at 60 Hz (The Institute of Electrical and Electronics Engineers, [@B53]); therefore, the threshold of neuronal modulation in human brain activity was suggested to be about eight times lower than that of phosphene. Based on these experimental and theoretical thresholds proposed in the previous studies, the findings of the human volunteer studies and those of the cellular studies were discordant. As for these results, it is considered that various factors, such as the method related with EF or MF exposure, differences in species, and synaptic density in cultured cells or the human brain, are involved. Therefore, in order to address these gaps in knowledge, it is necessary to develop new bottom-up approaches in cellular study to reconfirm the experimental results.

As a first step to solving these experimental problems, we focused on the relationship between EF and MF exposure. The previous experiments that used cultured neuronal networks were mainly designed for evaluating the effects of EF exposure; therefore, our present study aimed at detecting the stimulus response in cultured neuronal networks to MF exposure. To detect the stimulus response of cultured neuronal networks immediately after high-intensity power frequency MF (hPF-MF) exposure, we applied a previously developed hPF-MF exposure system combined with a multi-electrode array (MEA) system. In the present study, we report the exposure intensity-dependent response and the mechanism of neuronal modulation of the cultured neuronal network by MF exposure.

Materials and methods {#s2}
=====================

Cell culture
------------

All animal experiments were approved by the animal experiments ethics committee at the Central Research Institute of Electric Power Industry (CRIEPI), and were performed according to the guidelines for the care and use of laboratory animals. In addition, we observed the principles of animal welfare and conducted experiments with the minimum possible number of animals. Isolation and culture of cortical and hippocampal neurons and astrocytes were performed with the following methods, based on a previous report (Saito et al., [@B41]). Briefly, cortical and hippocampal tissues harvested from 18- to 19-day-old Wistar rat embryos (Charles River Laboratories, Japan) were enzymatically dissociated to single cells using 0.5%, 15--20 min Trypsin solution (Sigma-Aldrich, St. Louis, MO) treatment. Dulbecco\'s Modified Eagle Medium (DMEM, high glucose; Thermo Fisher Scientific, Waltham, MA) containing 10% fetal bovine serum (FBS, Thermo Fisher Scientific), 5% horse serum (HS, Thermo Fisher Scientific), and 1% Penicillin-Streptomycin (Pe-St, Sigma-Aldrich) was used for the cell culture medium. To detect the neuronal network activity, we used a multi-electrode array (MEA) dish, which has 50 μm-diameter circle electrodes separated by 150 mm intervals and were arranged in 8 × 4 separated blocks (MED-P5003A; Alpha MED Scientific, Osaka, Japan) (Figure [1A](#F1){ref-type="fig"}). The center distance between the 8 × 4 separated blocks was 12 mm; this distance is necessary to enhance the effect of the magnetically induced current generated concentrically. The isolated neuronal and glial cells were seeded on the MEA dish with a density of 30 × 10^4^ cells and 2 mm-diameter in each separated block. During the culture, half of the medium was exchanged with fresh medium twice a week to maintain culture conditions.

![Separate-type multi-electrode array (MEA) dish and synchronized bursting activity of cultured neuronal network. **(A)** Layout of the electrodes in separate-type MEA and the photograph of the cultured neuronal network on the MEA. **(B)** An example of extracellular potential of synchronized bursting activity recorded with the MED64 system.](fphys-09-00189-g0001){#F1}

Recording of cultured neuronal network activity
-----------------------------------------------

### MEA-based extracellular recording system

To evaluate the effects of MF exposure on the cultured neuronal network activity, we used a previously developed thermostatic acrylic culture chamber (TACC)-attached MEA-based extracellular recording system (Takahashi et al., [@B50]). The MEAs at the bottom of the culture dish permitted multi-point, wide-area, and long-term recording of spontaneous and synchronized electrical activities of cultured neuronal networks during the hPF-MF exposure experiments. The MEA dish attached to the extracellular recording system (MED64 system, Alpha MED Scientific) which was placed on the acrylic platform of the TACC. The recorded signals were amplified 10,000 times with the pre- and post-amplifiers, band passed using a 100 Hz to 2 kHz filter, and A/D converted at a 25 kHz sampling rate using the MED64 system attached software (Mobius; Alpha MED Scientific).

### Preparation of samples

The long-term cultured neuronal networks on the MEA generate a burst-type firing, which is synchronized between a wide range of multi-electrodes (Figure [1B](#F1){ref-type="fig"}). The pattern of the synchronized bursting activity changes complicatedly in the developmental process of neuronal networks and it stabilizes at 1 month or more of culture (Mukai et al., [@B32]; Takayama et al., [@B51]). This synchronization has been confirmed in mammalian brains such as in rats, cats, and monkeys (Steriade et al., [@B48]). In addition, it was also confirmed in a human cultured neuronal network, which was differentiated from human pluripotent stem cells (Odawara et al., [@B36]). Therefore, we considered that synchronized bursting activity is a physiological phenomenon commonly observed in mammalian nervous systems, and it is a suitable model for functional assessment of the effects of MF exposure. In this study, the maturation of neuronal network activity was defined by the stability of the active electrodes and electrical activity patterns on the MEA dish over 30 days culture, which was based on our previous report (Saito et al., [@B42]).

### Data analysis

The data recorded from the MEA-based system were analyzed by spike raster plot analysis and burst detection analysis using a MED64 system attached software (Burstscope; Alpha MED Scientific), which was based on the previously described method (Mukai et al., [@B32]). The number of synchronized bursting activities or single neuronal activities on the MEA dish before and after hPF-MF exposure in each exposure intensity were compared by statistical analysis using Welch\'s *t*-test. Here, the neuronal networks cultured on the MEA dish were exchanged in each hPF-MF exposure trial. These statistical data were expressed as mean ± standard deviation (SD). All statistically significant differences were defined as *P* \< 0.05.

High-intensity power frequency magnetic field (hPF-MF) exposure
---------------------------------------------------------------

### hPF-MF exposure method

To modulate cultured neuronal network activity by MF exposure, we used a previously developed and customized hPF-MF exposure system (Nakasono et al., [@B35]; Takahashi et al., [@B50]). The hPF-MF exposure system consisted of a custom-made saddle-type MF generating coil (TECNO Electric Industry, Kanagawa, Japan) (Figure [2A](#F2){ref-type="fig"}), a custom-made high-speed bipolar power supply (NF Corporation, Kanagawa, Japan), and a function generator (WF1974; NF Corporation). The saddle-type coil included a hollow conductor (C1020T, 8.3 × 8.3 mm, φ5.2 mm) for the water-based cooling system, which contained 90 turns/coil. To generate vertically-uniformed MF, two saddle-type coils were aligned in the vertical direction at a distance of 125 mm, and combined in a window frame-type iron core. By inputting the same current to the two saddle-type coils using a high-speed bipolar power supply, the cultured neuronal network was exposed to the 50 Hz, sinusoidal, hPF-MF \[magnetic flux intensity (*B*-field) was 0, 50, 100, 200, and 400 mT(rms)\] during 6 s \[first 3 s is 0 to *B*(max), last 3 s is *B*(max) to 0, *B*(max) is maximum *B*-field intensity\]. This time duration depended on the performance of our hPF-MF exposure system to achieve minimum exposure time. The MF distribution in the vertically-uniformed MF exposure space (50 × 50 × 50 mm) was confirmed to show \>95% uniformity using an exposure level tester (Model 9550; F.W. Bell, Orland, FL). The schematic view of the hPF-MF exposure system is shown in Figure [2B](#F2){ref-type="fig"}. Since the temperature of the coils rises when the coil is energized, heat generation was suppressed by using the circulation of constant temperature (20°C) water into the copper wire and the cage of the coil. The cultured neuronal networks were set on the MEA-based extracellular recording system that was attached to the TACC system. The TACC was connected to a circulation pump, and fluoric inactive solution (Fluorinert; 3M, Maplewood, MN) was introduced into the flow path layer provided at the top and bottom of the box. The TACC system was used to stabilize the temperature around 37°C during the experiments. In order to exclude the influence of coil vibration, the TACC was set on a base designed not to contact the MF exposure coils, and all equipment was placed on an anti-vibration stand.

![The high-intensity power frequency magnetic field (hPF-MF) exposure system. **(A)** Photograph of the saddle-type hPF-MF exposure coil. **(B)** Schematic diagram of the system. Constant temperature water is flowing into the copper wire in the coil and thermostatic acrylic culture chamber (TACC), and the temperature is 20 and 42°C, respectively. The high-speed bipolar power supply is controlled by a function generator. The MEA dish is installed in the TACC and connected to the MED64 system. **(C)** Magnetic field exposure scheme. The electrical activity of the cultured neuronal network was recorded for 5 min before and after hPF-MF exposure. To avoid mixing of artificial noise, data of a certain period before and after hPF-MF exposure were excluded. In addition, the hPF-MF was generated by a current input of a short time to the coil (rise time: 3 s, fall time: 3 s), resulting in a burst-like sweep waveform. **(D)** Example of incorporation of artifact noise. Extremely large switching noise and exposure noise superimpose on neuronal activity. Moreover, after the end of the exposure, the noise is reduced to the background level.](fphys-09-00189-g0002){#F2}

### Assessment of temperature environment during hPF-MF exposure

To evaluate the temperature during MF exposure, the temperature environment inside the cell culture medium before and after MF exposure was measured in real-time. For temperature measurement, a fiber-optic thermometer (FL-2000; Anritsu Meter, Tokyo, Japan) was used. The temperature change at the bottom of the MEA dish was measured during the hPF-MF exposure experiment. In this temperature measurement, the tip of the fiber-optic recording probe contacted the bottom of 8 × 4 electrodes for the evaluation of temperature elevation near the MEAs. In addition, when setting the MEA dish in the TACC induced changes in the temperature of the medium, we investigated the time required to stabilize its temperature elevation.

### hPF-MF exposure during extracellular recording

The hPF-MF up to 400 mT(rms) was exposed to the cultured neuronal network during extracellular recording. Here, the amplitude of signals derived from the neuronal network activity recorded from a MEA dish was extremely weak compared to the hPF-MF exposure-related electromagnetic noise. To distinguish the noise contamination from the extracellular recording data associated with the energization of the coil, we applied short-term hPF-MF exposure and evaluated the change in neuronal network activity before and after exposure using the experimental scheme shown in Figure [2C](#F2){ref-type="fig"}. The characteristic of the exposure scheme is that it can expose up to 400 mT (rms), sinusoidal, short-term (rise time; 3 s, fall time; 3 s) MF to cultured neuronal networks. The recording time of neuronal activity was defined to be 5 min before and after hPF-MF exposure without noise. Using this exposure scheme, we attempted to seamlessly detect the changes in neuronal network activity immediately after hPF-MF exposure, while minimizing the mixing of electromagnetic noise. Figure [2D](#F2){ref-type="fig"} shows an example of the recording waveform and intensity of the extracellular potential and the electromagnetic noise observed in our experiment. Noise at the time of "ON" and "OFF" in the figure is the switching noise accompanying the energization of the coil. The amplitude of these switching noises was much larger than the amplitude of the spike waveform detected from the extracellular recording data, and we could not detect neuronal network activity during noise contamination. The background noise disappeared after shutting off the energization of the coil; the noise level was returned to the levels before hPF-MF exposure.

### Estimation of E-fields in the MEA dish

In our experimental conditions, we used a container with uniform magnetic field and concentric circle in the vertical direction. Based on these conditions, the *E*-field in the cultured medium was calculated by the following equation: *E* = π*fBr*, where *E* is the induced EF strength, π is the circular constant, *f* is the frequency of the MF, *B* is the magnetic flux density, and *r* is the radial distance from the center of the MEA dish. From this estimation, the *E*-field induced to the neuronal networks in the culture medium was estimated.

Pharmacological application combined experiments
------------------------------------------------

### Inhibition of inhibitory synapses

To clarify the mechanisms of the hPF-MF exposure-related stimulus response, we combined the pharmacological application for inhibition of synaptic transmission. A previous study revealed that N-methyl-D-aspartic acid (NMDA) receptors involved in excitatory synaptic transmission are essential for the generation of synchronized bursting activity in cultured neuronal networks (Nakanishi and Kukita, [@B34]). Therefore, we inhibited the GABA receptor associated with inhibitory synapses with 10 μM (-)-bicuculline methiodide (BMI, Sigma-Aldrich), and then we investigated the modulation of excitatory synaptic transmission after hPF-MF exposure.

### Inhibition of excitatory synapses

A previous model-based simulation showed increase of the frequency of synchronized activity by slightly decreasing the inhibitory input (Compte et al., [@B7]). This hypothesis indicated that the modulation of neuronal responses via inhibitory synapses was an important indicator for the effects of MF exposure. However, in order to perform this experiment, it was necessary to select the inhibitory neurons from the cultured neuronal network that contained numerous types of neuronal cells. Here, previous studies have reported that autonomous activity of GABAergic pacemaker neurons is not blocked by the addition of excitatory synapse inhibitors D-(-)-2-amino-5-phosphonopentanoic acid (D-AP5) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (Frank and Mendelowitz, [@B14]). In addition, it has been reported that inhibitory neurons selected by such a pharmacological method include pacemaker-like neurons autonomously firing at a frequency of 4--10 Hz (Serafin et al., [@B46]; Fischer et al., [@B12]; Varga et al., [@B54]). Therefore, we applied D-AP5 (Sigma-Aldrich) and CNQX (Sigma-Aldrich) to the cultured neuronal networks and evaluated the effects of hPF-MF exposure on the pacemaker-like neuronal activity.

Results {#s3}
=======

Evaluation of temperature in the culture medium during hPF-MF exposure
----------------------------------------------------------------------

The temperature of the culture environment was stabilized around 37°C by suppressing the heat generation of the coil using the water-cooled circulation system and the TACC, according to the method shown in Figure [2B](#F2){ref-type="fig"}. However, as can be seen from Figure [3A](#F3){ref-type="fig"}, in the process of setting the MEA dish in the TACC and hPF-MF exposure coil, the medium\'s temperature decreased because of contact with the outside air. Therefore, in this study, cultured samples were kept for over 2 h in the TACC, and the medium\'s temperature was stabilized before the hPF-MF exposure experiments.

![Temperature in the culture medium during the hPF-MF exposure experiment. **(A)** Temperature change in the culture medium after setting the MEAs dish to the acrylic cell culture chamber. Although the temperature inside the medium decreases with the movement and installation of the MEAs dish, the temperature is stabilized by over 2 h of culture in the chamber. **(B)** Confirmation of temperature change due to magnetic field exposure at temperature stabilization. In this experimental system, it is possible to maintain temperature fluctuation under +0.2°C during 7 min after 400 mT hPF-MF exposure. TACC: thermostatic acrylic culture chamber.](fphys-09-00189-g0003){#F3}

The temperature change under thermostatic conditions in the medium when the MF was 400 mT (rms), which was the maximum exposure intensity of our exposure apparatus, is shown in Figure [3B](#F3){ref-type="fig"}. The temperature fluctuation in the culture medium had stabilized to below 0.2°C, even at 7 min after the hPF-MF exposure. Therefore, these results indicated that the possibility of thermal influence by MF exposure can be eliminated by our hPF-MF exposure scheme and temperature control system.

Potentiation of synchronized bursting activity by hPF-MF exposure
-----------------------------------------------------------------

Figure [4](#F4){ref-type="fig"} shows the results of the assessment of synchronized bursting activity before and after exposure of 50 Hz, sinusoidal short-term MF at 50, 100, 200, and 400 mT (rms). First, the comparison of the number of spikes was detected from all 64 electrodes of a MEA dish. Here, the MEA dish which exposed each hPF-MF was different, and the hPF-MF exposure in each MEA dish was not repeated per trial. The hPF-MF exposure intensity showed that the spike number clearly increased only in the 400 mT-exposed group (Figure [4A](#F4){ref-type="fig"}). The change rate of the number of synchronized bursting activities in the 400 mT-exposed group was 1.28 ± 0.21, which was statistically higher than that in the non-exposed (Control) group, which was 1.00 ± 0.12 (Figure [4B](#F4){ref-type="fig"}). In addition, significant changes in spike frequency and synchronized bursting activity were not confirmed under 50--200 mT hPF-MF exposure.

![Response of cultured neuronal network due to hPF-MF exposure. **(A)** Comparison of spike firing frequency in each magnetic field exposure intensity. As a result of comparing temporal changes in the number of spikes detected from all electrodes of the MEA, an increase in spike firing frequency after exposure was observed in the 400 mT-exposed group. **(B)** Comparison of the change rate of the number of synchronized bursting activities before and after hPF-MF exposure at each intensity. In the 400 mT-exposed group, a significant increase in the synchronized bursting activity was observed compared to the Control group. **(C)** Comparison of the time interval of synchronous burst firing in the Control and 400 mT-exposed groups. In the 400 mT-exposed group, the interval of bursting activities after the 400 mT hPF-MF exposure statistically decreased compared to before the exposure. **(D)** Comparison of the number of spikes included in one bursting activity in the Control and 400 mT-exposed groups. There was no significant difference in the rate of change in spike firing frequency between the Control and 400 mT-exposed groups before and after exposure. *N* = 12 independent MEA dishes, ± SD, ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.0001.](fphys-09-00189-g0004){#F4}

Next, we investigated the relationship between synchronized bursting intervals and spike frequency for the enhancement effect of neuronal network activity on the 400 mT-exposed group in which a clear response was observed at Figures [4A,B](#F4){ref-type="fig"}. Regarding the time interval of each burst firing, there was no change in the Control group from 4.47 ± 1.43 to 4.49 ± 1.27 s, whereas in the 400 mT-exposed group it was shortened from 4.60 ± 1.39 to 3.73 ± 0.808 s (Figure [4C](#F4){ref-type="fig"}). These results showed that the synchronized burst firing rate accelerated with the 400 mT hPF-MF exposure. However, the comparative result of the number of spikes participating in one synchronized burst firing showed that there was no increase in the number of spikes involved in synchronous burst firing (Figure [4D](#F4){ref-type="fig"}). Thus, these results indicated that 400 mT hPF-MF exposure increases the frequency of synchronized bursting activity at the network level without increasing the frequency of spike firings contained in a burst.

Effect of inhibitory synapses on neuronal responses after hPF-MF exposure
-------------------------------------------------------------------------

As preparation, we performed 400 mT hPF-MF exposure on the cultured neuronal network and confirmed that the samples for the pharmacological experiments have the ability of the stimulus response (Figure [5A](#F5){ref-type="fig"}). When the stimulus response was evaluated again after application of BMI to the same sample, it was found that the enhancement of synchronized bursting activity due to 400 mT hPF-MF exposure had disappeared (Figures [5B,C](#F5){ref-type="fig"}). On the other hand, the time intervals of bursting activities tended to be shorter and stabilized with BMI application. The comparison between the 400 mT hPF-MF exposure without drug application (hPF-MF) and with BMI application (BMI + hPF-MF) group showed that the time variation of the bursting interval of the hPF-MF group tended to approach that of the BMI + hPF-MF group (Figure [5D](#F5){ref-type="fig"}). Based on the results, it was shown that 400 mT hPF-MF exposure was involved in the inhibition of inhibitory input through the GABA receptor.

![Change in hPF-MF exposure-related neuronal modulation after inhibition of the GABA receptor by BMI. **(A)** Comparison of raster plot data of neuronal activity **(A)** before and **(B)** after BMI application. Potentiation of neuronal activity after the 400 mT hPF-MF exposure disappeared after BMI. **(C)** Comparison of the change rate of synchronized bursting activity before and after BMI application. Increase in bursting activity after 400 mT hPF-MF exposure was suppressed after BMI. **(D)** Comparison of the time intervals of synchronized bursting activity before and after 400 mT exposure before (hPF-MF group) and after BMI application (BMI + hPF-MF group) (before and after 20 bursts). In the hPF-MF group, the time intervals of synchronized activities varied, whereas, these fluctuations were not observed in the BMI + hPF-MF group. Furthermore, the bursting intervals in the Normal group after 400 mT hPF-MF exposure tended to approach the bursting intervals in the BMI + hPF-MF group. *N* = 10 independent MEA dishes, ± SD, ^\*\*^*P* \< 0.0001.](fphys-09-00189-g0005){#F5}

Modulation of pacemaker-like neuronal activity after hPF-MF exposure
--------------------------------------------------------------------

In this study, we attempted to select inhibitory neurons showing pacemaker-like activity based on extracellular potential recording using MEAs and pharmacological screening by D-AP5 and CNQX, and selected inhibitory pacemaker-like neurons exposed to hPF-MF. For selection of pacemaker-like neuronal activity after the addition of D-AP 5 and CNQX, matured samples with synchronized activity and inhibitory synapses were used. The raster plot data shown in Figure [6A](#F6){ref-type="fig"} indicate the changes of neuronal activity detected from the electrodes before and after the drug application. Synchronized activity detected from a wide range of MEAs disappeared after D-AP5 and CNQX application; however, autonomous spikes could be continuously measured on a few electrodes. Upon examining the characteristics of the firing pattern detected from the active electrode, the frequency of electrical activity of autonomously firing single neuronal cells was found to be 4--10 Hz (Figure [6B](#F6){ref-type="fig"}). In addition, the shape of the spike waveform showed that the rise time of the spike was less than 1 ms.

![Effect of hPF-MF exposure on the autonomous activity of pacemaker-like neurons. **(A)** Screening of autonomous activity using MEAs and the pharmacological method. Even after D-AP5 and CNQX application, autonomous activity was detected in a few electrodes. **(B)** Detection of single pacemaker-like neuronal activity. Spontaneous activity with a frequency of 4--10 Hz, which is found in inhibitory neurons, was selected in some electrodes, then the effects of hPF-MF exposure on autonomous activity were evaluated. **(C)** Evaluation of the spike frequency after 400 mT hPF-MF exposure on the various pacemaker-like neurons. All autonomous activity detected from different cultures was reduced after 400 mT hPF-MF exposure. **(D)** Comparison of spike frequency before and after 400 mT hPF-MF exposure. *N* = 6 independent pacemaker-like neurons, ± SD, ^\*^*P* \< 0.005.](fphys-09-00189-g0006){#F6}

Subsequently, a few pharmacologically-selected cells were exposed to 400 mT hPF-MF to evaluate the effects of hPF-MF on pacemaker-like neuronal activity (Figure [6C](#F6){ref-type="fig"}). The spike frequency of pacemaker-like neuronal activity scarcely varied in different MEA dishes, and each cell was stable at a constant rhythm (4--10 spikes/s) before exposure to hPF-MF. However, it was found that spike frequency gradually decreased during about 1 min after the end of hPF-MF exposure. The number of spike firings before and after the MF exposure was 6.79 ± 2.09 and 4.45 ± 1.42 spikes/s, respectively, and the total number of spikes decreased by 0.6 times on average (Figure [6D](#F6){ref-type="fig"}). Furthermore, it was found that the time when the decrease of the autonomous activities in single pacemaker-like neurons was observed coincided with the timing related to the increase of the synchronized bursting activities shown in Figure [4](#F4){ref-type="fig"}. These results suggested that changes in neuronal activity due to hPF-MF exposure may be caused by inhibitory pacemaker-like neuronal activity and concomitant decrease in inhibitory input.

Discussion {#s4}
==========

In this study, we aimed to detect the stimulus responses induced by high-intensity power frequency MF exposure in cultured neuronal network activity, and to clarify the threshold and mechanism of neuronal modulation by MF exposure.

Previous studies have reported values of 0.2--2°C as thresholds for thermal effects on neuronal activity (Adair et al., [@B1]; Michaelson and Elson, [@B28]; Saito et al., [@B41]). When evaluating our short-term hPF-MF exposure and neuronal activity recording scheme, we observed that the temperature in the culture medium was stabilized to under 0.2°C after MF exposure. However, a relatively large temperature rising of 10°C or more was observed from the room temperature (about 20°C) to the culture environment (about 37°C) at the stage of the experimental setup. For this reason, abrupt change in the medium temperature during this setup stage could not be avoided, and it was expected that it affected the neuronal activity immediately after setting. To address this issue, MF exposure experiments were started after temperature stabilization.

Our previous study reported the relationship between temperature elevation and modulation of synchronized neuronal network activity and indicated that (1) no influence on the number of synchronized neuronal network activity was seen in the range of 0.2--0.5°C, and (2) the temperature elevation over 0.5°C induces the "suppression" of neuronal network activity (Saito et al., [@B41]). Therefore, the "potentiation" of synchronized neuronal network activity observed in the 400 mT-exposed group was contrary to the thermal effects found in our previous results. On the other hand, we had to precisely evaluate the temperature elevation in the parts of the MEAs. To this end, another study that focused on the effects of radio frequency (RF) electromagnetic fields on cultured neuronal networks reported more stringent conditions (around 0.06°C) for temperature control for the MEAs (Moretti et al., [@B31]). In this study, we attempted recording the temperature elevation near the MEAs and confirmed temperature control maintained under 0.2°C during hPF-MF exposure. However, more detailed investigation of temperature elevation in single electrode resolution using numerical dosimetry is necessary for the precise evaluation of thermal effects.

In our first experiments, we examined the association of MF intensity with the modulation of cultured neuronal network activity. The results shown in Figure [3](#F3){ref-type="fig"} revealed that clear responses were observed only in the 400 mT-exposed group; therefore, the threshold in this experiment was estimated to be in the range of 200--400 mT (rms). Based on theoretical estimation, it was indicated that the *E*-field induced in the neuronal networks in the culture medium ranged between 0.314 and 0.440 V/m at the 400 mT-exposed group. These values are about 19.8--27.7 times lower than 8.7 V/m, which is the estimated value of the stimulation threshold of nerve fibers in the central nervous system reported in the IEEE standard C95.6 (The Institute of Electrical and Electronics Engineers, [@B53]). Therefore, our experimental results showed that it is not through the direct excitation of the voltage-gated ion channel considered in the Spatially Extended Nonlinear Node (SENN) model (Reilly et al., [@B40]; Reilly, [@B39]). When compared to 0.133 V/m, which is an estimated threshold value of phosphene by synaptic modulation in the retina at 50 Hz (The Institute of Electrical and Electronics Engineers, [@B53]), the threshold obtained in our experiment was about 2.36--3.31 times higher. In addition, the *E*-field at 200 mT exposure was 0.157--0.220 V/m; therefore, neuronal modulation was not observed at the exposure intensity of 1.18--1.65 times that of the synaptic threshold value in the retina. From these results, it was expected that the modulatory threshold of synchronized bursting activity of the cultured neuronal network will be higher than the stimulation threshold estimated for the retina.

Previous studies have investigated the stimulus thresholds using power frequency (50/60 Hz) EF exposure, and reported that the *E*-field that modulated neuronal network activity was 0.1--0.2 V/m (Francis et al., [@B13]), 0.18--0.35 V/m (Deans et al., [@B9]), 0.75 V/m (Bawin et al., [@B6], [@B5]), and 4--5 V/m (Jefferys, [@B19]; Saunders, [@B44]). Our results were 0.314--0.440 V/m, and closer to those reported by Deans et al. (Deans et al., [@B9]). Regarding such threshold differences, it is also important to consider physical aspects, such as differences in exposure properties (EF or MF, frequency component, waveform, and others). In order to clarify the details of these stimulation thresholds, both the numerical dosimetry in the culture medium to the MF exposure and the multi-scale simulation for evaluating the *E*-field in cells and tissues *in vitro* are required. In addition, regarding the threshold differences of phosphene by EF or MF exposure, it has been reported that the threshold value of MF-induced phosphine is about 3--10 times lower than that of EF (Reilly, [@B39]; Taki et al., [@B52]). In our study, we evaluated the *E*-field induced by 50-Hz sinusoidal MF exposure, and can be said that we produced findings that could be compared to those of the previous *in vitro* studies that investigated the threshold of EF exposure.

Evaluation at the synaptic level is necessary to investigate the mechanisms for the enhancement of the synchronized bursting activity observed in hPF-MF exposure. GABA receptors are involved in the suppression of neuronal excitement due to hyperpolarization of membrane potential via influx of Cl^−^ in the synaptic transmission of matured inhibitory neurons (Kandel et al., [@B20]). Interestingly, the pharmacological inhibition of the GABA receptor dissolved the response by hPF-MF exposure. At this time, the change in the time of bursting interval after hPF-MF exposure in normal conditions was similar to that of the bursting interval after inhibition of the GABA receptor. These results suggested that inhibitory synapses are essential for changes in synchronized bursting activity of neuronal networks, and that hPF-MF exposure suppresses the action of inhibitory synapses. Regarding the effect of MF exposure on the inhibitory synapse, plastic changes of inhibitory synapses by repetitive magnetic stimulation (rMS) have been reported by previous studies (Gramowski-Voß et al., [@B16]; Lenz et al., [@B23]). These studies reported that rMS was affected inhibitory synapses via the GABA receptor. Although these experimental methods were different from ours, the modulation of neuronal network activity by MF exposure was similar. In contrast, *in vivo* studies using rat brains reported that magnetic stimulation promotes GABA release and suppresses intracellular calcium influx of pyramidal neurons of the cortical L5 layer (Murphy et al., [@B33]). Comparing these *in vitro* and *in vivo* results, the mechanism of suppression via GABAergic neurons differs. In addition, it is well-known that neuronal plasticity is induced by long-term and repetitive electrical stimulation (Kandel et al., [@B20]). Here, the MEA-based extracellular recording method is suitable for non-invasive and long-term recording of neuronal network activity. Therefore, the investigation of neuronal modulation by long-term MF exposure is necessary for further study.

In order to investigate the neuronal modulation mechanism by MF exposure via inhibitory input, we focused on inhibitory pacemaker-like neurons. Previous studies (Frank and Mendelowitz, [@B14]) have shown that inhibitory neurons can be selected by pharmacological treatment; therefore, we detected pacemaker-like neuronal activity by combining this pharmacological method with an extracellular recording method using an MEA-based recording system. The spike frequency of the autonomous firing of single pacemaker-like neurons detected from a few electrodes was 4--10 Hz, which was confirmed with the highest reproducibility after D-AP5 and CNQX application. Here, it was reported that in the pacemaker neurons, which spontaneously fired at 4--10 Hz, the shape of the spike waveform showed that the rise time of the spike was less than 1 ms. Therefore, the detected autonomous spike frequencies and waveforms were similar to the activity of GABAergic, non-fast spiking, pacemaker neurons reported in previous studies (Serafin et al., [@B46]; Fischer et al., [@B12]; González-Burgos et al., [@B15]; Varga et al., [@B54]; Frank and Mendelowitz, [@B14]). Moreover, it was revealed that MF exposure reduces the frequency of autonomous activity of pacemaker-like neurons, and that this activity decline coincides with the timing of the potentiation of synchronized bursting activity. These results suggested that the depression of pacemaker-like neuronal activity and reduction of inhibitory input may lead to an increase of synchronized bursting activity. There have been several prior studies on the relationship between suppressive pacemaker-like neuronal activity and synchronized bursting activity (Wang, [@B56]; Compte et al., [@B7]). In particular, a previous model simulation showed increase of the frequency of synchronized activity by slightly decreasing the inhibitory input (Compte et al., [@B7]). These are useful findings to explain the mechanism of our experimental results.

Changes in firing frequency of GABAergic pacemaker-like neurons are observed at an intensity of *E*-field that is about 20--30 times lower than the threshold of neuronal cell membrane excitation (*E*-field (rms) was about 8.7 V/m) (The Institute of Electrical and Electronics Engineers, [@B53]). However, the modulatory mechanism of the spike frequency in GABAergic pacemaker-like neurons by MF exposure is not well understood. One possible mechanism is the influence via the hyperpolarization-activated cyclic nucleotide-gated (HCN) channel, which is present in GABAergic pacemaker neurons, opening with hyperpolarization, and involved in the generation of theta oscillation (Wang, [@B56]). Previous findings have shown that inhibition of HCN channels reduces the excitability of repressible pacemaker neurons (Varga et al., [@B54]). According to our results, the frequency of autonomous activity gradually decreased after hPF-MF exposure. Based on this result, further investigation is needed on the HCN channel inhibition mechanism and its threshold value due to MF exposure.

Conclusion {#s5}
==========

We elucidated the modulatory effects of synchronized bursting activity and pacemaker-like autonomous activity in cultured neuronal networks using a hPF-MF exposure system combined with an *in vitro* multi-site recording method. Our results indicated that the synchronized activity was modulated by 400 mT (rms), 50 Hz, over 0.3 V/m exposure, and the suppression of pacemaker-like neuronal activity induced the potentiation of synchronized bursting activity. We expect these findings to be useful in the development of biological mechanisms for health risk assessment by MF exposure.
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